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Abstract. The DAO-type white dwarf LS V-l-4621 is the hydrogen-rich cen- 
tral star of the possible planetary nebula Sh 2-216. We have taken high-resolution, 
high-S/N ultraviolet spectra with STIS aboard the HST and FUSE in order to 
constrain its photospheric parameters. A detailed spectral analysis by means of 
state-of-the-art NLTE model-atmosphere techniques is presented which includes 
the determination the individual abundances of iron-group elements. 



1. A brief history of Sh 2-216 and LS V+4621 

Sharp less 2-216 (Sh 2-216) has b een discovered as a "curious emiss ion-line neb- 
ula" (jFesen. Riair. Gu1lllT98lb . At a distance of d = 130 pc (iHarris et a1.l 



Il997t ). it is the closest possible planetary nebula (PN) known with an apparent 
diameter of 100'. Sh 2-216 has experienced a mild interaction with the interstel- 
lar medium fISM: iTweedv. Martos. No riega-Crespolll995l 'l. From its distance 
and proper motion jKerber et al- (,2004 ) have determined that it has a thin-disk 
orbit of low inclination and eccentricity. 

LS V-l-4621 has been identified as the excitin g star of Sh 2-216 by proper mq - 
tion measurements ( Cudworth &: Reynolds! 19851 ) . iTweedv &: Naoiwotzkil ()l992l ) 



have demonstrated that LS V-l-4621, which is the brightest (my = 12.67) DAO 
white dwarf (WD 0439-1-466) known, has the properties (Tcfj = 90 kK, \ogg = 7 
(cgs), He/H = 0.01 by number) to ionize the surrounding nebula. 



2. On the Balmer-line problem in LS V-|-4621 

lNaDiwotzki|(|l992l . ll993l ). lNaDiwotzki fc Schonberned (|l993f l. and lNauiwotzki fc RauchI 
(I1994^ have reported that a problem (RLP) exists to reproduce lines of the 
Ralmer series (with NLT E model atmospheres ) simultaneously at a given Teff 
in hot DA white dwarfs. iRereeron et al.l (|l993l ) found (in LTE calculations for 
DAO WDs ) that the RLP is red uced by the consideration of metal-line blan- 
keting, and lRergeron et al.l ( 19941 ) could show clearly that the presence of heavy 
metals is the source of the RLP - in other words, pure hydrogen models are not 
well suited for the spectral analysis of hot DA WDs in general. 



1 



2 



Ranch et ah 



IWerneil ( 19961) calculated NLTE mo d el atm ospheres for LSV+4621 based 
on parameters of iTweedv fc Naoiwotzkil ( 1992t ) and introduced C, N, and O 
(at solar abundances) in addition. Surface cooling by these metals as well as 
the detailed consideration of the Stark line broadening in the model-atmosphere 
calculation has the effect that the BLP almost vanishes in LSV+4621. Later, 
iKruk fc Werne il ^1998) could demonstrate that these model atmospheres re- 
produce well HUT (Hopkins Ultraviolet Telescope) observations of LSV+4621 
within 912 - 1840 A at Teg = 85 kK and log 5 = 6.9. 



3. UV observations 

Spectral analysis by model-atmosphere techniques needs observations of lines of 
subsequent ionization stages in order to evaluate the ionization equilibrium (of 
a particular species) which is a sensitive indicator of T^s- Since stars with Teg 
as high as ~ 90 kK have their flux maximum in the EUV wavelength range and 
due to the high degree of ionization, most of the metal lines are found in the 
UV range. Thus, high-S/N and high-resolution UV spectra are a prerequisite 
for a precise analysis. Consequently, we employed HST/STIS (Space Telescope 
Imaging Spectrograph aboard the Hubble Space Telescope) and FUSE (Far Ul- 
traviolet Spectroscopic Explorer) in order to obtain suitable data. 

A STIS spectrum (1144 - 1729 A, exposure time 5.5ksec, resolution = 
0.06 A) was taken in 2000 and was processed by the standard pipeline data 
reduction. A FUSE observation (905- 1195 A, 67.6 ksec, 0.05 A) was performed 
in 2003/2004 and reduced by J.W.K. (Feb 2005). 



4. Evolutionary models 

For the evolution of LS V+4621 standard e voluti onary models for hydrog e n-rich 
post-AGB stars, e.g. ISchonberned (|1983D and iBlocker fc Schonberned (|l99Cl ) 
are appropriate. Recently, new evolutionary calculations for DA WD s with a 
thin hydrogen envelope have been presented bv Althaus et al.l (200^. These 
evolutionary calculations are used to compa re with and to de termine stellar 
masses, luminosities, and post-AGB ages fsee lZiegler et al 1 l2007l . for details). 



5. Spectral analysis 

The plane-parallel, static, and chemically homogeneous models used in this anal- 
ysis are calculated with TMAP, the Tubingen NLTE Model Atmosphere Pack- 
age (|Werner et al.ll2003t). H+He+C +N+O+Mg+Si are considered with "clas- 
sical" model atoms (cflSauch! 2003^. For Ca+Sc+Ti +V+Cr+Mn+Fe+Co+N i 
individual model atoms are constructed by IrOnIc ( Ranch k, Deetieiil 120031 ) . 



using a statistical approach in order to treat the overwhelmingly large num- 
ber of atomic levels and line transitions by the introduction of "super-levels" 
and "super-lines". In total 531 levels are treated in NLTE, combin ed with 
1761 i ndividual lines and about 9 million iron-group lines, taken fromlKurucd 
(ll996^ as weU as fro m the OPACITY and IRON projects (|Seaton et al.lll994l : 
iHummer et"aIlll993^ . 
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Figure 1. Examples for the identification of Si v and Mg iv lines in the STIS 
spectrumofLS V+4621. "is" denotes interstellar, "unid." means unidentified. 



5.1. The STIS spectrum 
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Figure 2. Section of the STIS spectrum of LS V+4621 compared with our 
final model. Identified lines are marked. Note the Mn vi A = 1333.87 A line. 



The STIS spectrum has a very good S/N (> 50, Fig. and allows to 
identify about 95 % of all spectral features (photospheric as well as interstellar 
absorptions). We were able to identify some Si v lines (Fig.^, which allow to use 
the S i IV / Si V ionization equilibrium (Sect. E]) for our analysis (cf. I.Tahn et alJ 
120071 '!. Moreover, we could identify Mg iv lines (Fig . HI) - up to our knowledge 
- for the first time in these objects fcf. lZiegler et alJl20 07). 

From a detailed comparison of H i Lya with the observation, we deter- 
mi ned iVHT = 8.5 ± 0.1 ■ 10 ^^cm~^. Given this value, the Galactic reddening law 
of iGroenewegen Sz Lamers (1989) yields -Eb-v = 0.021. We achieve the best 
match to the continuum slope wit h En-v = 0.065 ± 0.04 . This is in agreement 
with the result of Eb-v = 0.1 that lKruk fc Werned (Il998l ^ derived from the anal- 
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ysis of a HUT spectrum. We determined a photospheric radial velocity of Urad = 
20.4 it 0.4kmsec~^. This is significantly higher than the values of 11.9kmsec~^ 
and 11 .1 kmsec~^ measured from lU E (Intern ational Ultraviolet Exp l orer) spec- 
tra bv iTweedv fc Napiwotzkil (119921 ) and Hol berg. Barstow. fc SionI (|l998r ). re- 
spectively. Such a large difference is possible if the object has not been located 
in the middle of the lUE aperture (Holberg priv. comm.). The higher v^^^ 
will have some influence on the calculation of the Galactic orbit of LSV-l-4621 
(Sect. El ^-nd hence, investigation on the interaction of Sh 2-216 with the ISM. 

As an example for the spectral analysis, we have selected a section between 
1330 and 1137 A in order to demonstrate that we can fit Fe v, Fe vi, and Fe vii 
lines simultaneously (Fig. [2). Because of the sensitivity of the ionization balance, 
this allows to determine Tefj within very small error limits. 



5.2. The FUSE spectrum 
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Figure 3. FUSE spectrum of LSV+4621 compared with our final model 
at two different reddenings. For clarity, observation and model fluxes are 
smoothed with a Gaussian of 1 A (FWHM) . 



The FUSE spectrum of LSV-l-4621 is heavily contaminated by interstellar 
absorption features (Fig. Our final model fits to the observation at wave- 
lengths < 1090 A better with a higher reddening (E'b-v = 0.1). Some of this 
difference in continuum slope can be explained by the interstellar H2 opacity, 
but an increase in the interstellar extinction appears to be necessary. 

The analysis of the FUSE spectrum and an invest i gatio n on the interstellar 
absorption is presented in more detail bv lZieeler et al.l ( 20071 . and these proceed- 
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6. Conclusions 

From the N IV - N V, O IV - O V, Si IV - Si v, and Fe v - Fe vii ionization 
equilibria, we were able to determine Tefj = 95 it 2 kK with ~ for these objects 
- unprecedented precision. Since this is a prerequisite for reliable abundance 
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determinations, their error limits (Fig. 0J) are also relatively s mall. The for- 
merly determined surface gravity of log 51 = 6.9 lTraulsen et aP (|2005l ^ has been 
confirmed. 
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Figure 4. Photospheric abundances of LS V+4621 determined from detailed 
line profile fits, [x] denotes log abundance / solar abundances of species x. 
The relatively large error ranges for Ca, Sc, Ti, and V are due to the fact, 
that not any line of these elements could be identihed, neither in the STIS nor 
in the FUSE spectrum fSect. Thus, we determined upper limits only. 



The derived abundance pattern (Fig. |1J) gives evidence for an interplay of 
gravitational settling (e.g. the He and C abundances are strongly decreased by 
a factor of ~ 0.15) and radiative levitation (iron-group elements show an up to 
~ 6x solar increased abundance). 

In our metal-line blanketed NLTE model atmospheres which include the 
opacity of 16 species from H to Ni (Sect. IS]), the BLP (Sect. |^ vanishes in 
the available medium-resolution optical spectra (at S/N « 30) - now adequate 
high-resolution and high-S/N optical spectra are desirable in order to investigate 
if there are still remaining problems. 

The reddening of -Eb-v = 0.065 =b 0.04 towards LS V+4621 is much higher 
than expected from the Galactic reddening law (Sect. I5.1.|l possibly because of 
additional reddening due to dust in the nebula Sh 2-216. 



7. Future w^ork 



State-of-the-art NLTE spectral analysis has arrived at a high level of sophistica- 
tion. However, it is hampered by the lack of reliable atomic data for metal lines. 
We are able to identify/reproduce about 95% of all spectral lines in the STIS 
spectrum of LS V+4621 and it is likely that unidentified lines (e.g. in Figs. ^ 
12)) simply stem from the most prominent ions as well, but the ir wavelengths are 
not sufficiently well known. E.g. for Fe Vli, iKuruc 3 (Il996l 'l provides only 22 



laboratory measured (POS) lines and 1952 lines with theoretical line positions 
(LIN lines). This situation is even worse for other ions (Fe Vi: 224 and 58664, 
respectively) and species. Thus, it should be a challenge for atomic physics to 
provide properly measured atomic data (also for highly ionized elements) which 
will then strongly improve future spectral analyses. 
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